The aquifer system of Doñana (SW Spain) represents the most important freshwater source in the Doñana Natural Area. Its spatiotemporal dynamics favours the hydrological connection between surface and subsurface ecosystems, and promotes matter fluxes among the different terrestrial and aquatic systems present here. This aquifer has been intensively studied from a hydrogeological point of view but little is known from an ecological perspective. In order to understand the ecological roles played by microbial communities in this system, we conducted a long-term seasonal study of bacterial abundance, cell biomass, bacterial biomass and functional activities over a 2-year period. Bacterial abundance ranged between 2.11 ± 1.79 × 10 5 and 8.58 ± 6.99 × 10 7 bact mL -1 groundwater, average cell biomass was estimated to be 77.01 ± 31.56 fgC and bacterial biomass varied between 8.99 ± 4.10 × 10 -2 and 5.65 ± 0.70 μ gC mL -1 . Iron-related bacteria showed the highest activities among the functional groups studied. Moreover, among the variables that usually control spatial distributions of microbial communities in aquifer systems, depth did not have a relevant effect on this aquifer, at least in the range of depths studied, but grain size, probably due to its direct effects on hydrogeological parameters, such as permeability or porosity, appeared to exert moderate control, principally in terms of bacterial abundance. Finally, significant seasonal differences in the means of these microbiological variables were also observed; temperature seems to be the main factor controlling the temporal distribution of microbial communities in this aquifer system.
Spatiotemporal distribution of microbial communities in a coastal, sandy aquifer system (Doñana, SW Spain)
INTRODUCTION
The paradigm in the study of aquifer systems has changed over the last few decades from a pure hydrogeological point of view to a more ecological one (Danielopol, 1989; Baker et al ., 2000) . As a consequence, aquifer systems are currently considered to constitute a heterogeneous assemblage of discrete macro-and microscale habitats, providing a variety of living conditions (Goldscheider et al ., 2006) . From an ecological standpoint, aquifer systems should be regarded as open systems interchanging materials and energy with other aquatic and terrestrial systems located in the vicinity (Danielopol, 1989; Chapelle, 2000b; Danielopol et al ., 2003) . The recognition of interactions occurring within and among surrounding environments over a range of scales will allow for a better understanding of the ecological roles played by microbial communities in aquifer systems (Brockman & Murray, 1997; Bennett et al ., 2000; Musslewhite et al ., 2003; Hancock et al ., 2005) . However, the identification of such interactions requires long-term spatiotemporal studies, very rare to date. Multidisciplinary studies would be of use in this identification only if all the approximations share similar spatiotemporal scales (Brockman & Murray, 1997; Musslewhite et al ., 2003) .
Microbial ecology studies of sedimentary, relatively shallow aquifer systems are relatively abundant (Marxsen, 1988; Alfreider et al ., 1997; Martino et al ., 1998; Griebler et al ., 2002; Velasco et al ., 2008; in press ), but very few exist with large spatial and temporal scales. Some of these studies have shown aquifers as more stable ecosystems, with less spatiotemporal variation in their ecological processes, than other aquatic systems. The main goal of the present study, conducted in an area of approximately F   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54 100 km 2 over a 2-year period, is to enhance our knowledge of the microbial communities existing in the aquifer system of Doñana, an ecosystem in which there have been only a few studies based on a biological or an ecological approach. This aquifer is becoming to be considered as part of a great ecosystem, called the hydroecosystem , made up of several aquatic and terrestrial systems, and located in the Doñana Natural Area (Montes et al ., 1998; . All these ecosystems in the Doñana Natural Area make it unique in many senses: it is a major stepping-stone in the migration route of birds moving between Europe and Africa, it is home to the most endangered mammals in the world, as well as many endemic, threatened or ecologically interesting species, and it contains what is possibly Europe's most significant wetland. Consequently, there has been an increasing number of interdisciplinary studies in the last few years, and groups of limnologists, microbiologists, hydrogeologists, economists and sociologists are working together in order to obtain a general overview of the ecological functioning of Doñana's hydroecosystem . Bearing in mind that the most important freshwater source in the Doñana Natural Area is the groundwater, and that the aquifer controls the hydrological regime of all other ecosystems located in this area, it is important to understand the role played by microbial communities present in the aquifer system. To this end, the first step is to define these microbial communities in terms of bacterial abundance and cell biomass (Murphy & Schramke, 1998) , because this information will enable the potential activity of the population to be identified (Bratbak, 1993) . Knowledge of factors, such as depth, grain size or temperature, controlling spatial and temporal patterns in bacterial abundances, cell biomasses and microbial activities are also important to characterize the distribution and dynamics of these communities. The results of this paper complement and consolidate others resulting from a parallel, intensive study, in which microbial communities present in the groundwater located in the surroundings of four very productive shallow lakes were studied by sampling 13 piezometers, different from those employed in this paper (Velasco et al ., 2008; in press ).
MATERIALS AND METHODS

Site description
The Doñana aquifer system is included in the Doñana Natural Area and located in the SW Atlantic coast of Spain. The aquifer has a surface area of around 3000 km 2 and hosts the Guadalquivir river marshes and Doñana National and Natural Parks, two protected natural areas of international relevance comprising approximately 1100 km 2 (Fig. 1 ). They were declared Biosphere Reserves in 1981, RAMSAR Sites in 1982 and Natural World Heritage Sites in 1994. The climate is Mediterranean subhumid with Atlantic influence: dry summers and wet winters. Mean rainfall, mainly concentrated from October to March, is 500-600 mm, but has a high interannual variability. Mean yearly temperature is around 17 ° C near the coast and 18 ° C in the centre of the Natural Area .
The aquifer system consists of detrital, unconsolidated Plio-Quaternary sediments overlapping impervious Miocene marine marls. The Pliocene materials are impermeable marls, silts and sandy silts. The Quaternary materials consist of deltaic and alluvial silts, sands and gravels to the north, and on littoral, alluvial and aeolian sands to the west. They mainly comprise amorphous silica grains. Carbonates may be present either as detrital grains or as shell remains, except in the upper part of the aeolian sand layers of the western sector . The Quaternary layers thicken from N to S and from W to SE. To the SE, the coarse sediments are covered by a thick (50-80 m) sequence of estuarine and marshy clays. The aquifer system varies in thickness, ranging from 20 m inland to over 150 m at the coast line. At regional scale, the aquifer system presents two lithological domains: a sandy one to the N and W of the marshes, which extensive areas of aeolian sands, which roughly behaves as an unconfined aquifer, and a clayey one in the marsh area, under which a large confined aquifer is found . In the aeolian sands, there are two different lithological subdomains (called upper and lower units) that allow for the presence of two different hydrodynamic units. The thick and fine to medium sand deposits of the upper unit conform with a relatively homogeneous phreatic aquifer that contains the water table and overlies a lower, less homogeneous and semiconfined aquifer composed of coarse sands and gravels (Trick & Custodio, 2004) . The hydraulic transmissivity of the lower, thinner aquifer is higher than that of the upper one. Between the upper and the lower units there is an intermediate layer of grey clays and fine to medium clayed sands containing iron oxide minerals. Recharge occurs via direct rain infiltration in the aeolian sands (Trick & Custodio, 2004) . Groundwater mainly flows eastward from aeolian sands in the west to the ecotone and the marsh in the east (Fig. 1) . Natural discharge takes place to the ocean, rivers and ravines, to many small phreatic shallow lakes situated above the aeolian mantles (Coleto, 2003) , and through phreatic evapotranspiration . In general, there are vertical, descending flows in recharge areas and vertical, ascending flows in discharge areas and groundwater extraction points (Trick & Custodio, 2004 (Fig. 1) . Except well piso (installed and monitored by the Universidad Autónoma de Madrid, UAM), all boreholes were installed and are monitored by the Spanish Geological Survey and the Guadalquivir River Basin Authority. Screen depth of piezometers ranges from Distribution of microbial communities in a coastal aquifer 3 F   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54 3.00 to 80.00 meters below land surface (mbls) and all are located in the aeolian sands (both in the upper and in the lower unit) (Table 1) . Groundwater samples were collected following chemical (Dunlap et al ., 1977) and microbiological standard procedures. A special pneumatic pump was employed to avoid mixing processes between groundwater and retained water in the piezometer (Danielopol & Niederreiter, 1987) . Groundwater was pumped from each well until temperature, dissolved oxygen (DO), pH and electric conductivity readings stabilized . All physical parameters were measured with a WTW 340i handheld multiparameter device. Chemical parameters (alkalinity, ammonium, nitrate, nitrite, soluble reactive phosphorus (SRP) and total phosphorus (TP)) were estimated by means of standard methods during the 10 following days (APHA et al ., 1987) ; alkalinity was analysed during the same sampling day (APHA et al ., 1987) . Ferrous and ferric iron concentrations, as well as total iron, were determined by the ferrozine colorimetric method (Viollier et al ., 2000) .
Microbiological variables
Groundwater samples for microbiological variables were collected from each well in triplicate, stored in 100 mL polyurethane bottles (prewashed in 5% HCl and distilled water), and fixed with formaldehyde (2% v/v final concentration). Samples were stored in the dark at 4 ° C until the filtration process. Bacterial abundance was determined by epifluorescence microscopy after staining with DAPI (4 ′ ,6-diamidino-2-phenylindoledihydrochloride) 1 μ g mL -1 final concentration (Fry, 1990) . The solution was then filtered through a 0.2-μ m pore size GTBP 25 mm Ø Millipore filter (Millipore Inc., Billerica, MA, USA). Filters were transferred to a labelled microscope slide and kept frozen until samples could be counted (Bölter et al. , 2002) . Three different filters were prepared for each sampled well per season, and 20 different fields were viewed and counted for each filter (Kirchman et al. , 1982) with an Olympus IX50 inverted microscope. The results of the counts for bacterial abundance are presented as bact mL -1 groundwater. Length and width measurements of bacterial cells under a magnification Fig. 1 Geographical location of the Doñana Natural Area on the south-west coast of the Iberian Peninsula (A). The figure also shows the boundary of the aquifer system of Doñana, the boundaries of the Doñana National and Natural Parks, as well as the most important ecosystems in the Doñana Natural Area (B). Both shallow lakes and the 17 studied piezometers are also shown. Arrows indicate the general direction of the regional groundwater flow from east (aeolian sands) to west (marshes) (C). of × 1000 were used to determine the cell biovolume; 60 cells were measured in each filter and were classified as cocci, small and large rods, and filamentous bacteria. Biovolumes of bacterial cells were calculated assuming that the shapes of the cells were either perfect spheres or cylinders with hemispheres on both sides (Fry, 1990) . Linear dimensions were converted to volumetric units using geometric formulas (Bölter et al. , 2002) . Cell biomass was calculated from the cell biovolume using a conversion factor based on the allometric model with the formula C = 120 × V 0.7 , where C = cell biomass in fgC and V = cell biovolume in μ m 3 (Psenner, 1993) . Cell biomass is presented as fgC. The product of the bacterial abundance and the cell biomass is the bacterial or population biomass, which is shown as μ gC mL -1 groundwater. Evidence of microbial activity for some functional groups of bacteria (nitrifying (NB), denitrifying (DNB), iron related (IRB), and sulphate-reducing bacteria (SRB)) was provided by commercial biological activity reaction tests (BART TM ) (Cullimore, 1993) . A BART TM test is a simple and effective method for detecting the presence and the relative potential activity of a specific functional group of microorganisms. Briefly, three 10 mL replicates of groundwater were incubated during 10 days at room temperature for each functional group. The first day following incubation in which the activity was detected, was selected as the start of activity by a specific functional group. The more time required for the detection of a specific activity, the less activity the functional group showed. Assays were carried out during winters and summers (years 2003 and 2004) .
Hydrogeological variables
Transmissivity and permeability values for some piezometers were previously measured (Trick & Custodio, 2004) . Rainfall data were obtained with permission (Spanish Meteorological Service, INM) from a sampling weather station located in Doñana National Park.
Statistical analyses
Differences in the means of bacterial abundance, cell biomass and bacterial biomass among wells were tested, for each sampling campaign, using a one-way MANOVA test. Temporal differences in the means of the same microbiological variables for each well sampled more than three times during the study period were also tested by means of a one-way MANOVA test. Two different MANOVA s had to be performed to test the effect of one out of the two different factors (wells or seasons) because the data matrix was not regular. In other words, not all the piezometers were sampled during the same sampling campaigns, or at least the same three sampling campaigns. However, all piezometers were taken into account for statistical purposes when spatial differences were searching. Univariate F -tests were also performed after MANOVA testing. Tukey's honestly significant difference test (HSD test) was employed, as an a posteriori method, to compare pairs of means after MANOVA testing. Differences in the means for microbial activities of functional groups were tested, for each sampling campaign, using a one-way ANOVA test. Temporal differences in the means (Zar, 1998) . Relationships among measured variables were explored using Pearson product moment correlations or Spearman rank order correlations, depending on whether the dataset in question was parametric or nonparametric in nature. Normality was examined using the Kolmogorov-Smirnov test, and variables were transformed when necessary and when possible. Relationships between physicochemical (temperature, DO, pH, electric conductivity, ammonium, nitrate, SRP, TP, ferric iron, ferrous iron, total iron and alkalinity) and microbiological (bacterial abundance, cell biomass and bacterial biomass) variables were explored throughout a canonical correlation analysis; Bartlett's χ 2 test was used for testing the significance of the correlations between any pairs of the canonical variates (Quinn & Keough, 2002) . A principal component analysis (PCA), with seasons as the grouping variable, was performed as a multivariate ordination method to compare different seasons and to detect temporal patterns. Data were standardized for PCA (Legendre & Legendre, 1998) . A Pvalue of 0.05 was set as the significant threshold for statistical analyses. All statistical analyses were performed with Statistica 6.0 for Windows (Statsoft, Inc., Tulsa, OK, USA).
RESULTS
Physicochemical variables
Groundwater temperature showed mean values of approximately 19 °C; these values increased throughout the year during both years (Table 2) . Dissolved oxygen exhibited mean values of 2 mg L -1 , although with a different temporal pattern, with higher winter and spring values than those for summer or autumn. Therefore, temperature and DO negatively correlated (r = -0.341, P = 0.004, n = 71). The pH was very constant and ranged from 6 to 7 in most of the wells (Table 2) . Electric conductivity (EC) values were measured around 300-400 μS cm -1 ; however, in some piezometers located in the ecotone, close to the marsh ( Fig. 1 ), conductivities were higher. Among the inorganic nitrogen forms, nitrate concentrations (mg L -1 ) were higher than ammonium (mg L ; data not shown) in most of the boreholes (Table 3) . In some wells, nitrate concentrations were very high (Table 3) . Soluble reactive phosphorus (mg L -1 ) and TP (mg L -1 P) showed seasonal concentrations of approximately 0.05 mg L -1 and 0.08 mg L -1 , respectively (Table 3) . Ferric iron usually displayed higher concentrations than ferrous iron. Total iron concentration ranged from 1 to 2 mg L -1 in most of the wells, and reached maximum values of approximately 20 mg L -1 (Table 3) . Total alkalinity values were around 1 meq L -1 (Table 2) .
Microbiological variables
Only prokaryotic cells were observed in microscope counts, with dominance of rod-shaped bacteria. No differences among cell morphologies were observed in samples from different depths or from different sites. Average bacterial abundance was 1.70 × 10 7 ± 1.99 × 10 6 bact mL -1 groundwater. Significant differences for bacterial abundance among piezometers were observed during the first three sampling campaigns in 2003 (P ≤ 0.039). Seasonal differences for bacterial abundance in wells sampled more than three times were observed (P ≤ 0.047) except in boreholes 39S2, 43S1, SO2a and SO2b (P ≥ 0.156) ( Fig. 2A,B) . Bacterial abundances were statistically higher during summer or autumn 2003 than during winter or spring 2003 (P ≤ 0.042), except for wells 43S1, SO2a, SO2b and SO1 (P ≥ 0.143). During 2004, no statistical differences were observed among seasons (P ≥ 0.256). This variable positively correlated with temperature (r = 0.386, P = 0.001, n = 71), nitrate (r = 0.430, P = 0.000, n = 70) and cell biomass (r = 0.335, P = 0.004, r = 71), whereas it negatively correlated with DO (r = -0.237, P = 0.047, n = 71), ferrous iron (r = -0.316, P = 0.034, n = 41) and total iron (r = -0.265, P = 0.036, n = 63). Bacterial abundances in wells S51, SO2a, SO2b and SO1 negatively correlated with rainfall from 2 months prior to sampling (P ≤ 0.046). No correlations among bacterial abundance, screen depth, permeability and transmissivity were found, except during spring 2003, when bacterial abundance and depth positively correlated (r = 0.890, P = 0.009, n = 8).
Mean cell biomass was determined to be 77 ± 32 fgC ( Fig. 2C,D) . Cell biomass showed significant differences among piezometers during all seasons (P ≤ 0.048), except in winter 2005 (P ≥ 0.109). Significant seasonal differences for cell biomass were observed in piezometers sampled more than three times during the study period (P = 0.000), except in well TS4 (P = 0.204). A significant increase in cell biomass during 2003 was observed toward the warmer seasons in all piezometers (P ≤ 0.004), except in wells TS4 and SO2a (P ≥ 0.654). A significant, although less evident, increase in cell biomass throughout 2004 was observed in wells S51, 4S1, SO2a, SO2b and SO1, with statistical differences between winter or spring and summer or autumn (P ≤ 0.023). Cell biomass positively correlated with temperature (r = 0.487, P = 0.000, n = 71) and negatively with DO (r = -0.242, P = 0.037, n = 71). In wells S51 and SO1 cell biomass negatively correlated with rainfall from 2 months prior to sampling (P ≤ 0.028). No significant correlations were found among cell biomass, depth, permeability and transmissivity in any season.
Average bacterial biomass was 1.40 ± 0.57 μgC mL -1 . Differences in the means of bacterial biomass among piezometers were statistically significant in all seasons (P = 0.000), but more evident during 2003 than during 2004. Seasonal differences were observed in all piezometers sampled more than three times throughout the study period (P = 0.000) (Fig. 2E,F) . Table 3 Continued A significant increase in bacterial biomass was seasonally observed during 2003 in all wells, with higher values during summer or autumn than during winter or spring (P ≤ 0.008), except in borehole SO2a (P ≥ 0.378). During 2004, a similar temporal pattern was observed (P ≤ 0.023), except in well SO2a (P ≥ 0.567). Bacterial biomass positively correlated with temperature (r = 0.471, P = 0.000, n = 71) and nitrate (r = 0.423, P = 0.000, n = 71), and negatively with DO (r = -0.276, P = 0.021, n = 71). In wells S51, SO2b and SO1 bacterial biomass negatively correlated with rainfall from 2 months prior to sampling (P ≤ 0.035). This variable did not correlate with depth, permeability or transmissivity in any season.
Microbial activities of functional groups, except those for NB, were found in this aquifer system. Significant differences for the activities of different functional groups, measured as the mean of the first day after incubation in which activity was detected, were observed in all seasons (F ≥ 5.530, P ≤ 0.009) ( Table 4) activities (P ≥ 0.123) and significantly higher than DN (P ≤ 0.009). During 2003, higher activities in summer than in winter were found in all cases, although they were only significant for IRB and SRB activities in some wells (21S3, L7 and TS2; P ≤ 0.035).
In general, there were not significant differences in the means of microbial activities between summer and winter during 2004. No significant correlations were found among microbial activities, depth, permeability and transmissivity.
Exploratory statistical analyses
Bartlett's χ 2 test showed that the two sets of variables (microbiological and physicochemical) in the canonical correlation analysis were not independent (χ 2 = 60.985, d.f. = 39, P = 0.014); the first two canonical variate pairs were significantly correlated ( Table 5 ). The strong correlation observed for the first canonical variate pair symbolizes a correlation between a variate that combines temperature, DO, nitrate, ferrous iron and total iron, and another variate that integrates bacterial abundance, cell biomass and bacterial biomass (Fig. 3) . Bacterial abundances, and mainly, cell and bacterial biomasses increase with higher temperatures and nitrate concentrations but, with higher DO, ferrous ion and total iron concentrations, bacterial abundances, cell biomasses and bacterial biomasses show a decrease. The correlation observed for the second canonical variate pair was less significant (Table 5) (Fig. 4) .
DISCUSSION
Physicochemical variables
As surface waters, whose temperature and DO values display temporal patterns (Coleto, 2003) , groundwater temperature and DO also exhibited temporal patterns in the aquifer system of Doñana. In other aquifer systems, no significant seasonal differences for temperature, at least between winter and summer, were observed Pedersen et al., 1996) . This aquifer system therefore appears to be very different to other subsurface systems considered to be highly stable (Vorobyova et al., 1997) . The decrease in groundwater DO from winter to autumn during both years might be due to inorganic reactions involving reduced metals, microbial utilization of reduced organic matter, or both (Phelps et al., 1994; Brugger et al., 2001; López-Archilla et al., 2007) . Organic matter concentration in the Doñana aquifer is moderately high (Coleto, 2003) ; as a result, low DO concentrations found in autumns might be due to microbial consumption (Griebler et al., 2002) . Electric conductivity was higher in wells located close to the marsh because there is a clear influence of brackish water. pH was close to neutral and, due to the absence of correlations between this chemical variable and the microbiological variables, we suggest that pH was not a key factor controlling the spatiotemporal distribution of microbial communities present in this aquifer system, as has been previously pointed out (Gounot, 1996) ; however, pH was a central factor controlling the diversity and the taxonomic composition of microbial communities in Doñana's groundwater (López-Archilla et al., 2007) . Although aquifers have often been considered to be oligotrophic environments (Mikell et al., 1996) more similar to open marine systems than to lakes or shallow lakes, and with bacterial densities close to those observed for oceans (Pedersen & Ekendahl, 1990) , we consider that these ideas can neither be generalized nor extrapolated. Doñana's aquifer system, at least its upper unit, appears to be meso-or eutrophic if concentrations of nitrogen and phosphorus inorganic chemical Piso  10  3  4  2  4  9  S51  6  3  10  21S3  5  3  10  4  10  10  4S1  9  2  2  3  5  3  L7  10  10  2  4  3  2  7  5  7  39S2  10  10  3  2  9  4  TS4  8 F   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54 forms are considered (Table 3) . Although several wells were used in this study, and spatiotemporal variability is notable, ammonium, nitrate, SRP and TP concentrations were higher than, or at least similar to, those values reported for other aquifer systems (Alfreider et al., 1997; Murphy & Schramke, 1998; Trojan et al., 2003; Mehnert et al., 2007) . Most of the wells in this study showed higher concentrations for nitrate than for ammonium, probably because most of them were well oxygenated during the study period (Tables 2 and 3) . Nitrate concentrations are usually low in groundwaters, unless there is a pollution source from agricultural fertilizers (Gounot, 1996) . In this study, high nitrate concentrations found in wells TS2 and TS4 are explained by the presence of intensive strawberry crops . A high iron concentration in the groundwater is explained by the presence of an intermediate layer with iron oxide minerals (Trick & Custodio, 2004) . High total iron concentrations, as well as ferrous and ferric iron concentrations, had a considerable influence on the type of microorganisms found in this ecosystem (López-Archilla et al., 2007) . At the same time, high concentrations of organic matter, that can act as a source of electrons for microorganisms, were also determined in this aquifer system (Coleto, 2003) . Both ferric iron and nitrate can act as electron acceptors when DO is depleted. In fact, IRB have displayed the highest activities, highlighting the relative importance of iron (and its chemical forms) in the general microbial metabolism of this aquifer F   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54 system. Although high nitrate concentrations were found in this aquifer system, however, DNB exhibited lower activity levels than IRB and SRB, demonstrating that there are no reasons to consider linear relationships among certain chemical forms, used as electron acceptors by microorganisms, and functional groups (Mauck & Roberts, 2007) , because aquifer heterogeneity results in a heterogenerous distribution of the microbial communities and their activities (Goldscheider et al., 2006) . In any case, the activity of microbial communities is probably influencing the geochemistry of this aquifer system, as has been observed elsewhere (Bennett et al., 2000; Chapelle, 2000a; Penny et al., 2003; Dassonville et al., 2004; Haack et al., 2004; Roadcap et al., 2006) .
Microbiological variables
Prokaryotes appear to dominate the microbial communities in this aquifer system. Eukaryotes were not detected in microscopic counts. This is not surprising because, although the presence of algae, protozoa and fungi could be important in some aquifer ecosystems, prokaryotes represent, by far, the most abundant and diverse microbial group in aquifers, at least in the phreatic zone (Balkwill, 1989; Sinclair & Ghiorse, 1989; Whitman et al., 1998) . Short rod-shaped bacteria have some advantages over large rod-shaped and filamentous bacteria for transport through sandy sediments (Harvey et al., 1984) . Data in this study confirm previous ones (Velasco et al., 2008;  in press) and demonstrate that mean bacterial abundance observed in this aquifer system was, at least, one order of magnitude higher than that found in other sedimentary and relatively similar aquifer ecosystems (Harvey et al., 1984; Kölbel-Boelke et al., 1988; Marxsen, 1988; Hirsch & Rades-Rohkohl, 1990; Hazen et al., 1991; Alfreider et al., 1997; Griebler et al., 2002) . Groundwater mean bacterial abundance found in this study was also higher than planktonic bacterial densities found in granite (Eydal & Pedersen, 2007) or rock aquifer systems (Lehman et al., 2004) . Indeed, planktonic bacterial abundance in the Doñana aquifer was close to values reported for attached bacteria in other sedimentary aquifer systems (Alfreider et al., 1997; Kieft et al., 1998; Martino et al., 1998) . Several comparative studies have shown that attached bacteria exhibit more density than unattached bacteria in sedimentary aquifers (Alfreider et al., 1997) , as well as in rock aquifers (Lehman et al., 2004) . Bearing in mind that our data only show the density of planktonic bacteria, the real bacterial abundance of Doñana's aquifer system might well be higher. However, the abundance of unattached bacteria can be significant in shallow, eutrophic and sedimentary aquifer systems (Harvey et al., 1984; Harvey & George, 1987; Bengtsson, 1989; Griebler et al., 2002) .
Average cell biomass values were similar to those found in other sandy sediments (Bone & Balkwill, 1988) , but were slightly higher than a value reported for a sedimentary, sandy and very similar aquifer system (Marxsen, 1988) . Bacterial biomass values were in the same order of magnitude as those found in other sandy, aquifer systems (Marxsen, 1988) .
Distribution of microbial communities in the aquifer system
Differences in bacterial abundance among wells sampled during the same season were not significant in most sampling campaigns, as has been observed elsewhere (Kölbel-Boelke et al., 1988) . Moreover, differences for cell and bacterial biomass among wells were not great during some seasons. In sandy aquifer systems, spatial heterogeneity can be more important for sediments than for groundwaters on a small scale (Fredrickson et al., 1991; Brockman & Murray, 1997) , in spite of the homogeneity of lithologies that can occur on a greater scale (Zhou et al., 2004) . Consequently, microbiological variables could present fewer and less significant differences among groundwater samples than among sediment core samples (Kölbel-Boelke et al., 1988) . Moreover, differences among replicates of the same aquifer sample point can be higher than differences among different aquifer sample points (Brockman & Murray, 1997) . In other studies, no differences in bacterial abundance were found, either in groundwaters (Pedersen & Ekendahl, 1990) or in sediment core samples (Hazen et al., 1991) . Finally, it should be borne in mind that field samples represent the summation of a complex series of environmental interactions acting over vastly different temporal and spatial scales, being difficult to find clear spatiotemporal patterns in microbial communities (Shi et al., 1999) .
Although it was presumed that bacterial abundance decreases with depth, in general, no obvious correlations between these variables have been found in shallow, sedimentary aquifer systems (Beloin et al., 1988; Sinclair & Ghiorse, 1989; Phelps et al., 1994; Martino et al., 1998) . Negative relationships have been observed, however, between these two variables in the vadose zone of some low recharge aquifer systems Kieft et al., 1998) . In Doñana's aquifer system, no significant correlations were detected between depth and bacterial abundance during any season, with exceptions in some deep wells. Moreover, no significant correlations were found between cell biomass and depth during any season in the Doñana aquifer system. Consequently, depth does not seem to be a key factor controlling microbial communities in terms of abundance and biomass in this aquifer system, at least in the range of depths studied. Furthermore, no significant correlations were found between microbial functional groups and depth, although conclusions should be established with care because the number of samples was low (n ≤ 8).
Grain size has often been considered to be one of the most important factors controlling microbial abundance and activity in aquifer systems (Musslewhite et al., 2003) . Layers with higher clay content usually exhibit lower attached bacterial abundances than sandy layers Musslewhite et al., 2003) sediment clay content and bacterial density have also been observed (Balkwill, 1989) , showing that we should emphasize the need to consider site-specific environmental factors in order to understand microbial distribution and activity (Kieft et al., 1998) . In spite of the fact that subsurface sediments and groundwaters represent different milieus (Madsen & Ghiorse, 1993) , grain size might also affect the planktonic microbial communities because there is a permanent cell exchange between suspended and attached bacteria (Hirsch & Rades-Rohkohl, 1990; Madsen & Ghiorse, 1993) . In the aquifer system of Doñana, piezometers with the finest materials (high clay contents) in the screen region (TS2 and 4S2) ( Table 1) showed lower bacterial abundances than boreholes with coarser materials (medium sands or coarse sands), although no significant differences were found. Moreover, wells 21S3 and S51, with fine sands in the screen region, showed lower bacterial densities, often with significant differences, than other piezometers with coarser lithologies (Fig. 2 A,B ) and borehole L7, with coarse sands in the screen region, displayed high bacterial abundances during three sampling seasons. Consequently, a clearer relationship between grain size and bacterial abundance than between depth and bacterial abundance was observed in the Doñana aquifer system. Nonetheless, differences for cell biomasses between wells with fine materials and wells with coarse materials were less evident. Finally, no significant or clear patterns were found between the microbial activities of functional groups and grain size, although conclusions should be reached with care because only a few samples were considered (n ≤ 5). The apparent control of grain size over microbial communities might be due to some hydrogeological parameters, such as permeability, porosity or transmissivity (Brockman & Murray, 1997; Musslewhite et al., 2003) . Areas that show higher hydraulic conductivities tend to display higher bacterial biomasses and activities (Chapelle & Lovley, 1990) , because this variable determines the hydrological flows and, consequently, the nutrient supplies to bacteria (Lehman et al., 2001; Zhou et al., 2004) and the movement of cells through the aquifer system (Balkwill et al., 1998) . It seems that clay content, per se, may not directly control microbial population densities in the subsurface, but rather the influence of clay on microbial populations in the subsurface may be due to the effect that clay has on hydraulic conductivity or water activity (Fredrickson et al., 1991) . However, no correlations between microbiological and hydrogeological variables (permeability and transmissivity) were observed in this study. Considering the grain size homogeneity reported at least for the upper unit of this aquifer system (Trick & Custodio, 2004) , where most of the sampled piezometers are located, a detailed hydrogeological study would contribute to clarifying the spatial distribution of their microbial communities. A common project between microbiologists and hydrogeologists is desirable, but only if both share the same spatiotemporal scale (Brockman & Murray, 1997) .
Moreover, and taking into account the correlations found between microbiological variables and rainfall, hydrology, determined by rainfall, could exert an important control over the microbial communities of this aquifer system, mainly if rainfall is considered to be the only source of freshwater in the aquifer system and, as a result, largely determines hydrogeological flows and phreatic levels (Trick & Custodio, 2004) . Bacterial abundance and cell biomass negatively correlated with rainfall 2 months prior to sampling in wells SO1, SO2a, SO2b and S51. Curiously, these wells are located close to the lower unit, where important hydrological horizontal flows occur (SO1, SO2a and SO2b), or close to the ecotone, the most important discharge area of the aquifer system (S51). As a consequence, it seems that hydrology has a relatively significant influence over microbial communities in areas where regional hydrogeological flows are significant. However, other wells located in the ecotone (21S3) or close to other important discharge areas of the aquifer (4S1, 4S2 and L3) did not correlate with rainfall, which suggests that there are other variables, probably also related to hydrogeology, controlling the distribution of microbial communities in this aquifer system.
Significant correlations between microbiological and physicochemical variables in sedimentary aquifers (Martino et al., 1998; Musslewhite et al., 2003; Santoro et al., 2006) are scarce, because aquifer microbial communities are controlled by environmental attributes that are more difficult to quantify, such as microscale spatial heterogeneity and temporal variability of geochemical parameters (Kölbel-Boelke et al., 1988; Fredrickson et al., 1991; Brockman & Murray, 1997; Santoro et al., 2006; Mauck & Roberts, 2007) . However, some correlations have been observed between groundwater physicochemical variables and microbial communities in crystalline rock aquifers (Pedersen & Ekendahl, 1990) . In the present study, a canonical correlation analysis showed a strong correlation between a variate integrating nitrate, ferrous iron and total iron and a variate combining bacterial abundance and both cell and bacterial biomass (Fig. 3) . Nitrate concentrations are usually low in aquifers unless a source from agricultural fertilizers exists (Gounot, 1996; Brugger et al., 2001) , and this is the case observed for some piezometers (Table 1 ) located in the vicinity of strawberry crops in Doñana. Indeed, three of five piezometers affected by high nitrate concentrations (TS2, TS4 and L7) showed high or the highest bacterial abundance and cell biomass values during some seasons. Relationships among microbiological variables, ferrous iron and total iron were not so clear, but the ferric iron might probably be used as an electron acceptor when DO is depleted (McLean et al., 2006) .
Temporal pattern
A temporal pattern was observed in the microbial communities of this aquifer system, mainly during 2003, but also during 2004, with highest bacterial abundances, cell biomasses and bacterial biomasses during the warmest months of the year (Fig. 4) . Similar results were observed in a parallel study (Velasco et al., 2008; in press ). Temperature correlated with these three microbiological variables and seemed to be the 14 S. VELASCO, et al. most important physical factor controlling them throughout the year. Light increases of this variable triggered microbiological processes, including functional groups. However, the temporal pattern was not clear in deep wells (SO1, SO2a and SO2b). As a consequence, in deep areas of Doñana's aquifer system there are probably other factors, perhaps more related to hydrogeology than to temperature, controlling the temporal distribution of the microbial communities. Seasonal variations of microbial communities in other aquifer systems have also been described (Balkwill & Ghiorse, 1985; Beloin et al., 1988; Bone & Balkwill, 1988) . Bacterial abundance also correlated with cell biomass in this study, demonstrating a close relationship between the increase in bacterial abundance and the amount of accumulated carbon in cells (Kieft et al., 1998) .
CONCLUSIONS
Although it would be incorrect to depict general conclusions if only a limited number of samples in a large system were analysed, this study has demonstrated the presence of important and active microbial communities, in terms of bacterial abundance, cell biomass and functional groups, in an area encompassing approximately 100 km 2 of the aquifer system located in Doñana, corroborating parallel results obtained in another study conducted in a smaller area. Due to the homogeneity, not only for the groundwater but also for the lithologies, the spatial pattern of the unattached community was difficult to explain. Among the abiotic factors that usually control the spatial distribution, depth did not play any role, at least in the studied range, and grain size seemed to exert a moderate control on bacterial abundance, although less clear on cell biomass. It is, however, plausible that hydrogeology, through some other related variables such as permeability, porosity or transmissivity, plays a more important role, controlling the spatial pattern of microbial communities, although unfortunately, there are no hydrogeological models with adequate scales for groundwater microbiology studies. Moreover, nitrate seemed to play an important role in controlling bacterial abundance and biomass, because the higher the nitrate concentration, the higher the bacterial abundance, cell biomass and bacterial biomass. On the other hand, all boreholes (except wells SO1, SO2a and SO2b) sampled more than three times throughout the study period showed a clear temporal pattern, mainly during 2003, with higher bacterial abundances, cell biomasses and bacterial biomasses during summers and autumns than during springs and winters, showing the microbial communities of this aquifer system to be highly reactive. Temperature was the most important factor controlling this temporal pattern, triggering not only abundance and carbon content but also activity, mainly IRB activity. As a result, when referring to microbial ecology in the aquifer system of Doñana, there is a need to talk of a dynamic system, probably more similar to the surface aquatic systems located in the same area than to other aquifers. Finally, hydrogeological models jointly developed between microbiologists and hydrogeologists will provide an understanding of the control exerted by hydrology (rainfall, hydrogeological flows, hydrological relationships between groundwater and surface aquatic systems) on the microbial communities of this aquifer system, a phenomenon that has been partially described in this study. 
